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Abstract

The Cuatro Ciénegas Basin (CCB) is a rare oasis in the Chihuahuan Desert in the state of Coahuila, Mexico. It has
a biological endemism similar to that of the Galapagos Islands, and its spring-fed ecosystems have very low
nutrient content (nitrogen or phosphorous) and are dominated by diverse microbialites. Thus, it has proven to be
a distinctive opportunity for the field of astrobiology, as the CCB can be seen as a proxy for an earlier time in
Earth’s history, in particular the late Precambrian, the biological frontier when prokaryotic life yielded at least
partial dominance to eukaryotes and multicellular life. It is a kind of ecological time machine that provides
abundant opportunities for collaborative investigations by geochemists, geologists, ecologists, and population
biologists in the study of the evolutionary processes that structured Earth-based life, especially in the microbial
realm. The CCB is an object of investigation for the identification of biosignatures of past and present biota that
can be used in our search for extraterrestrial life. In this review, we summarize CCB research efforts that began
with microbial ecology and population biology projects and have since been expanded into broader efforts that
involve biogeochemistry, comparative genomics, and assessments of biosignatures. We also propose that, in
the future, the CCB is sanctioned as a ‘‘Precambrian Park’’ for astrobiology. Key Words: Microbial mats—
Stromatolites—Early Earth—Extremophilic microorganisms—Microbial ecology. Astrobiology 12, 641–647.

1. Introduction

The Cuatro Ciénegas Basin (hereafter the CCB) is a rare
place. Located in the center of the Chihuahuan Desert in

the Mexican state of Coahuila, the CCB is a small, intermon-
tane, butterfly-shaped valley with a basin floor about 740 m
above sea level and surrounded by mountains rising higher
than 2500 m (Meyer, 1973). The CCB receives less than
200 mm of precipitation per year but has many groundwater-
fed streams, ponds, rivers, and lakes. Elemental composition
at the CCB is anomalous with regard to other similar envi-
ronments (Elser et al., 2005a, 2005b). In the CCB, the N:P ratio
can range from very low P (157:1) to very low N (1.8:1), while
a ratio of N:P 16:1 is considered as the adequate proportion
(stoichiometric balance) for life in the ocean (Redfield, 1934).
These unusual and extreme stoichiometric ratios at the CCB
generate nutrimental stresses that dictate population dy-
namics perhaps more akin to those of earlier times in Earth’s
history rather than more conventional extant environments.
Additionally, the extreme oligotrophy has likely contributed
to a biological endemism at the CCB similar to that of the

Galapagos (Stein et al., 2000). The site is distinctive in that it is
dominated by diverse microbial communities such as micro-
bialites (Minckley, 1969), entities that were common and in-
deed hallmarks of the Precambrian. The CCB qualifies as an
environment so unique that it has been designated as an
‘‘Area de Protección de Flora y Fauna’’ by the Mexican federal
government. The area is administered by the Mexican SE-
MARNAT (Secretarı́a del Medio Ambiente y Recursos Nat-
urales); it is a high-priority site for conservation by the Nature
Conservancy, the World Wildlife Fund, and UNESCO, and it
has been listed as a Wetland of International Importance by
Ramsar.

For the past 10 years, we have been studying the CCB as a
living laboratory for understanding evolutionary processes
involving microbes. Emerging from this work is a realization
that the CCB might be viewed as a living model of earlier
ecosystems (Souza et al., 2006, 2008; Desnues et al., 2008;
Breitbart et al., 2009), a place so poor in nutrients that the
food web is dominated by microbes. We see the CCB as a
reasonable proxy for an earlier time in Earth’s history, the
late Precambrian, the biological frontier when microbial life

1Departamento de Ecologı́a Evolutiva, Instituto de Ecologı́a, Universidad Nacional Autónoma de México, Coyoacán, México D.F., México.
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was giving way to the dominance of more complex eu-
karyotic organisms. As a ‘‘Precambrian Park,’’ a kind of
modern ecological time machine, CCB study requires mul-
tidisciplinary collaboration. As such, the CCB has the po-
tential to help bridge the evolutionary divides in our
understanding of the biosignatures of Earth’s microbial
communities and those that might be, or have been, possible
on nearest neighbor Solar System bodies. The CCB bridges
this gap by scaling local evolutionary consequences recorded
in the genomic, biogeochemical, and geological context to a
broader astrobiological framework. More recently, we have
increased the resolution of this framework by the formula-
tion of experimental regimes that target key hypotheses of
interest.

2. The CCB as a Model for Preservation of Past,
Local Ecosystem Events: Endemism and a Relict
Marine Signal

Reviewed extensively by Minckley (1969) and Wilson
and Pit (2010), mountain building and subsequent deserti-
fication of northern Mexico and the southwestern United
States was significant in creating ecosystems that led to the
evolution and isolation of desert-adapted taxa along the
entire North American continent. From the late Triassic to
the early Cretaceous, all of northern Mexico was covered by
seawater, and it is likely that the Laramide Uplift [70–50 Ma
before present (BP); one of two major mountain-building
events in North America] initiated a progressive regression
of the Western Interior Seaway, which began to regress in
the late Cretaceous due to the uplift caused by the Laramide
Orogeny (Minckley, 1969; Ferrusquı́a-Villafranca, 1998).
The final regression of the sea occurred during the late
Paleocene, and the complete isolation of the CCB from the
Gulf of Mexico happened with the uplift of the Sierra
Madre Oriental in the mid Eocene (Ferrusquı́a-Villafranca,
1998) with the close of the Western Interior Seaway. There
is still debate (Wilson and Pit, 2010) as to whether the
Laramide event or the more recent Neogene Uplift (15–2 Ma
BP) was responsible for the severe deformation that pro-
duced the land surfaces now evident in the modern
mountain ranges of North America. However, the majority
of paleontological evidence supports the progressive de-
sertification of the Chihuahuan Desert (thereby the CCB) by
15 Ma BP. Hence, the region has largely been geologically
and climatically stable since that time (Axelrod, 1979; Wil-
son and Pit, 2010). With regard to the CCB specifically,
there is palynological evidence that during the late Qua-
ternary (2.5 Ma BP) the area experienced climatic changes
that include the migration of woodland-type vegetation
upslope as the climate warmed (Meyer, 1973; Metcalfe et al.,
2000; Minckley and Jackson, 2008). However, it should be
noted that, despite this climatic intrusion, there is an ap-
parent lack of change in the basin floor biota; this has been
explained by a consistently high soil salinity (Minckley and
Jackson, 2008) that provided persistent desert refugia (Elias
et al., 1995).

The historical biogeographic reconstruction of the CCB
details a pattern of considerable antiquity and constancy. By
comparison of various phylogenetic and genomic records,
we have exposed phylogenetic patterns that corroborate that
geological history and are surprising in the degree to which

they retain a record of that history. Here, we describe these
biological findings.

The CCB has a level of macrofauna endemism equal to
that of the Galapagos and the highest in North America
(Stein et al., 2000). Rather than islands of land surrounded by
water, the CCB is an oasis where islands of water are sur-
rounded by desert, all contained in a mountain-ringed basin.
These biogeographic barriers have likely been the driver for
speciation and diversification of the over 70 endemic species,
including diatoms (Winsborough et al., 2009), snails ( John-
son, 2005), fish (Carson and Dowling, 2006; Tobler and
Carson, 2010), and more recently bacteria (Escalante et al.,
2009; Cerritos et al., 2011). It is intriguing to postulate that
endemism is present in the microbiota of the CCB, but an
isolate of Bacillus, B. coahuilensis, appears to have adaptive
elements unique to the CCB in its genome (Alcaraz et al.,
2008).

Our recent studies of the microbialite microbiota also re-
vealed an anomalous marine signal that is best explained by
the geological history of the CCB, which suggests a genomic
imprint of the ancient sea that inhabited the area (Souza et al.,
2006; Desnues et al., 2008; Breitbart et al., 2009). Our phylo-
genomic analyses indicated that CCB microbes align most
closely with extant marine taxa and not with taxa from other
inland saline waters. This association crosses a number of
lines of descent in the microbial population, which suggests
that the CCB is indeed a ‘‘lost world’’ where a relict genetic
signature persists across a majority of individual lineages in
the extant population (Souza et al., 2006, 2008; Alcaraz et al.,
2008, 2010; Cerritos et al., 2008, 2011; Desnues et al., 2008;
Breitbart et al., 2009; Domı́nguez-Escobar et al., 2011; Moreno-
Letelier et al., 2011). This marine signal is corroborated in
studies of other inhabitants of the valley, including the dia-
toms (Winsborough et al., 2009) and snails ( Johnson, 2005).

This marine signature is an unexpected, but somewhat
reasonable, observation given that the mountain-building
process of the CCB and subsequent desertification most
likely resulted in conditions that provided refugia for the
marine biota that then adapted and, in some cases, diversi-
fied in the changing arid environment in which it was se-
questered. The biological data suggest a continual presence
of water in this oasis in northern Mexico, first as a sea and
then as subterranean hydrologic systems. Evaporites (min-
eral sediments that result from evaporation) of different ages
indicate that aquatic environments have always been present
at the CCB (Minckley and Jackson, 2008; Szynkiewicz et al.,
2010; Wilson and Pit, 2010). Consistent with our research
efforts and those of others, it might appear that, over time,
the chemistry of the ancient subterranean continental wa-
ters changed from sodium chloride to calcium, magnesium,
sulfate, and carbonate ions that dominate the current
chemistry (Minckley and Cole, 1968; Forti et al., 2003).
While these ions dominate the waters in the CCB, they are
not chemically uniform across the basin (Tobler and Carson,
2010). Measurements of water chemistry that cover both
sides of the valley indicate that there are regions in the
valley that are dominated by different minerals. For in-
stance, some are richer in sulfates, while others are rich in
carbonates (Minckley and Cole, 1968; Tobler and Carson,
2010). Consistent with this, complex hard-surfaced micro-
bialites, including the spectacular stromatolite reefs of
Pozas Azules (PA in Fig. 1), are found in some locales, while

642 SOUZA ET AL.



soft, less-developed mats can be found in other locations
(Minckley and Cole, 1968). This provides an interesting
template for comparative studies.

3. The CCB as a Model for Understanding Evolutionary
Trajectory: Diversity and Population Genetics

Beyond the intriguing marine ancestry of microbial com-
munities at the CCB, we have also observed, surprisingly,
that dominance by one or two species has never been found
in any of our microbial diversity analyses (Souza et al., 2006;
Desnues et al., 2008; Escalante et al., 2008; Cerritos et al.,
2011). Instead, we have always observed even distributions,
with a long tail of rare lineages, geographic differentiation
(Fig. 1) (Escalante et al., 2008; Cerritos et al., 2011), and local
endemicity. This is unusual in extreme environments where
dominance is the rule (Aguilera et al., 1999; Cookson et al.,
2006; Pointing et al., 2009). The exceptional microbial com-
munity structure found at the CCB could be either the
product of many recent adaptive radiation events where

migrants diversified in the new environment (Galapagos
Islands model) or of a long history of coexistence of ancient
marine lineages that have adapted locally to the new conti-
nental conditions (the ‘‘lost world, time capsule’’ model). To
help answer this question, we focused on the microbial
group Firmicutes, a taxonomic group that has several en-
demic taxa at the CCB and for which several whole genome
sequences have been produced (Alcaraz et al., 2008, 2010;
Moreno-Letelier et al., 2011). We reconstructed the phyloge-
netic relationships of Firmicutes, focusing on Bacillus that use
a concatenated data set of 17 housekeeping genes shared
among all taxa (Moreno-Letelier et al., 2011). Our results
show that, while Bacillus species in marine environments
form a monophyletic group, Bacillus from the CCB does not.
Each species from the CCB had a marine sister species and
divergence times that, in most cases, dated back to the Pro-
terozoic. Thus, the diversity of Firmicutes in the CCB is not
the product of a recent radiation (at least not at this taxo-
nomic level) but instead is the product of the isolation of
ancient lineages followed by diversification, at the

FIG. 1. Cuatro Ciénegas Coahuila microbial diversity at the phylum level in different sites within the valley. The taxonomy
was obtained using environmental DNA and 16S rDNA gene as marker. The numbers refer to different samples within the
region. CH (Churince), RM (Rı́o Mesquites, a site with desiccation pools and a river with oncolites), ES (Escobedo), LH (Los
Hundidos region, with the Poza Roja), PA (Pozas Azules ranch, with the sites Poza Azul II and Green Mat), MR (a mine shaft
where a sample was obtained 600 m below the surface). The map of Mexico shows the CCB site in the state of Coahuila. The
photographs correspond to CCB sites.
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population level, and posterior adaptation to the local con-
ditions. Hence, the endemicity and evenness observed in all
our samples appears to be the result of a very long history of
local adaptation and coexistence.

We have additional evidence that supports the ancient
origin and recent diversification of CCB lineages. Using ge-
netic information from those taxa, we have inferred recent
clonal expansions for many new lineages in all the groups of
planktonic microbes that have been studied at the CCB
(Cerritos et al., 2008; Cerritos et al., 2011; Avitia et al., personal
communication; Rebollar et al., 2012). This clonal model is
confirmed by comparative genomics of several CCB Bacillus
species where the clonal frame is interrupted by very few
adaptive events of horizontal gene transfer. Examples of
these are (i) genes related to photorodopsins (Alcaraz et al.,
2008), (ii) genes that allow Bacillus coahuilensis to constitu-
tively produce sulfolipids instead of phospholipids (Alcaraz
et al., 2008), (iii) genes for phosphonate utilization (Alcaraz
et al., 2010), and (iv) genes for phosphorus intake (Moreno-
Letelier et al., 2011).

While we have long hypothesized environmental condi-
tions and geological history as drivers of species diversifi-
cation at the CCB, new data on temporal and spatial
heterogeneity are helping to provide answers to the en-
during question: Why so many species? Heterogeneity can
be understood not only at spatial scales but also at temporal
scales by the imposition of dramatic seasonal changes that
exert strong selective pressures on microbial populations.
Heterogeneous patterns among drainage systems within
the area are seasonal (Carson and Dowling, 2006), and di-
urnal fluctuations may maintain high overall levels of di-
versity. We conducted one study focused on the role of
seasonal fluctuations in the diversity of Pseudomonas pop-
ulations. We obtained isolates from four different time
points (winter and summer) over the course of two years
and analyzed the genetic diversity by fingerprinting
and 16S rDNA sequences. The data show significant sea-
sonality in lineage composition, which suggests ecologi-
cal mechanisms of recurrence that are likely driven by
environmental conditions associated with temperature
(Rodrı́guez-Verdugo, 2008).

Given the differences in environmental structuring be-
tween the water column and the microbialites, diversification
processes in each habitat may also be different (Saxer et al.,
2009). We hypothesize that, in the water column, direct in-
terference competition should be very weak because the
water column is extremely dilute (average of 3000 colonies
per milliliter). In contrast, in the microbialites, spatial het-
erogeneity allows coexistence of competing taxa by diversi-
fication of the niche.

As part of our research on the processes of diversification in
those structured environments, we produced four metage-
nomes of CCB microbialites. Metagenomic data show that the
microbialites at the CCB are not only highly divergent from
each other but also very diverse taxonomically and function-
ally (Breitbart et al., 2009; Peimbert et al., 2012; Bonilla-Rosso
et al., personal communications). This type of diverse gene
composition is not common in the modern world (Rusch et al.,
2007). It is possible that during the Precambrian most local
patches of life in the shallow ocean were associated with mi-
crobialites; and if the CCB model is true, each of those com-
plex microbial communities were, metabolically speaking,

complete. In other words, the complete biogeochemical cycles
happened at a local scale. In the modern world this is seldom
true, as the biosphere is so interconnected that different parts
of each cycle occur in different places, which makes the bio-
geochemical cycles global.

In the microbialite reef from Poza Azul II (in the Pozas
Azules ranch in the southeastern part of the valley), we
found that systems involved in photosynthesis and energy
production are overrepresented, while in an oncolite (round
microbialite) of Rı́o Mesquites (RM in Fig. 1), genes for sulfur
and nitrogen are overrepresented (Breitbart et al., 2009). Both
communities are from stable environments with extremely
low nutrient contents (biomass C:N:P ratios of 900:150:1),
and as expected, they also had an overrepresentation of high-
affinity phosphorus acquisition genes and genes to make
exopolysaccharides that are important in export of excess
fixed carbon and ultimately maintain the structured com-
munity of a hard microbialite (Breitbart et al., 2009). We also
sequenced two microbialites from contrasting environments,
a nitrogen-poor, constant environment pool (‘‘Green Mat,’’
with biomass C:N:P of 55:1.8:1) as well as an extremely low
P, fluctuating desiccation pond (Poza Roja; biomass C:N:P
ratio of 15820:157:1). Not surprisingly, we found that their
metagenomes are totally different taxonomically, even
though both have a very similar proportion of reads within
carbohydrate central metabolism (Peimbert et al., 2012). Poza
Roja is dominated by heterotrophs, particularly 24 different
types of novel Pseudomonas. In contrast, the Green Mat is to
date the most diverse site at the CCB with at least 160 species
at 97% identity with a high representation of Cyanobacteria,
the marine noncultivated phyla GN02 and OP11, as well as
Chloroflexi and Chlorobi, which indicates an important pri-
mary productivity component in this mat. Unexpectedly,
even though Poza Roja is the most nutrient-deprived site that
we know, the genes associated with phosphorus metabolism
are not overrepresented. Thus, this extreme oligotrophic mat
is not using the same strategies to deal with the lack of
phosphorus as ocean microbiota or even the other micro-
bialites from the CCB (Peimbert et al., 2012). The presence of
several genes for antibiotic production and resistance sug-
gests that Pseudomonas spp. from this site are under strong
pressure to escape antagonistic and competitive interactions,
probably following the ‘‘Red Queen’’ model (Venditti et al.,
2010; Wilson and Sherman, 2010), where species arise con-
stantly by reproductive isolation and rare stochastic events,
which allows them to follow a constantly changing and
challenging environment (Yoshida et al., 2007). The conver-
gence of high endemic microbial biodiversity and severe in
situ P limitations have led us to propose a hypothesis that
connects the two (Souza et al., 2008). We suggest that P
limitation sets the stage for development of endemic micro-
biota not only by imposing a strong selection pressure but
also by inhibiting mechanisms of horizontal gene transfer
that would otherwise homogenize diverging lineages. This
hypothesis suggests that P limitation reduces horizontal gene
transfer via three mechanisms: (i) low cell densities due to
low P supply mean reduced cell-cell contact and therefore
low rates of direct conjugation, (ii) P limitation reduces viral
replication and thus reduces transformation, and (iii) P lim-
itation results in scavenging of P from dissolved organic
compounds (such as free DNA), reducing transformation.
Experiments to test these ideas are being conducted.
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4. The CCB as a Model for Understanding Nutrient
Limitation Effects on Food Web Evolution

As a result of its long history of weathering, low accu-
mulation of organic matter, and an abundance of calcium
carbonate especially in the eastern lobe, CCB waters have
very low concentrations of key nutrients, especially phos-
phorus (P; Elser et al., 2005a). As discussed above, this im-
poses severe P limitation, which results in biomass atomic
C:P ratios that can be as high as 15,000 in the valley microbial
communities (Elser et al., 2005a; Peimbert et al., 2012). Indeed,
the laminated microbialites of the CCB appear to be very
sensitive to the supply of phosphate; enrichment with P cau-
ses large increases in the abundance of eukaryotic diatoms
(Elser et al., 2005a), which are generally present at low abun-
dances in unfertilized CCB communities. It is well known that
severe P limitation causes cyanobacteria and algae to develop
high C:P and N:P ratios in biomass (Sterner and Elser, 2002)
and that this stoichiometrically imbalanced biomass provides
poor-quality food for consumers. Based on this, Elser et al.
(2005b; Elser and Hamilton, 2007) tested for a possible role of
poor food quality in constraining consumer dynamics at the
CCB (and thus on ancient Earth), to the extent that the CCB’s
stromatolite-based food webs are analogous to a world on the
brink of the Cambrian explosion.

In an enrichment experiment in which oncoid micro-
bialites from Rı́o Mesquites and their associated snail pop-
ulations were used, PO4 was added to stream water,
reducing the C:P ratio of the superficial microbial biomass.
Over intermediate ranges of P enrichment and microbial C:P,
snail performance was stimulated; but for high levels of P
enrichment and low C:P, snails grew more slowly and had
high mortality (Elser et al., 2005a, 2005b; Elser and Hamilton,
2007). This led Elser and Hamilton (2007) to suggest that
consumers at the CCB live on a ‘‘stoichiometric knife edge’’
and are generally constrained by low dietary P content when
microbes are P-limited but suffering from negative effects of
excess dietary P in artificially enriched conditions. Given the
analogue role of CCB microbialites for Precambrian com-
munities, Elser and Hamilton (2007) proposed that such
stoichiometric effects may have contributed to patterns of
early animal evolution, with diversification stimulated by
early events of P mobilization from continents 600 Ma BP.
More work is needed in an astrobiological context to further
explore the utility of the CCB’s stromatolite-based food webs
as a test bed for ideas about key events in early Earth history.

5. The CCB as a Model Precambrian Park

Our work at the CCB continues to indicate that, perhaps
by sheer geological circumstance, this small valley in north-
eastern Mexico has maintained its ancient marine ancestry as
an extended outcome from its desertification and the geo-
chemical consequences that promote endemism. It serves as
a biological repository for biosignatures of past, current, and
future events in biological evolution. As such a model sys-
tem, the CCB has unprecedented value for future discovery
and warrants a high priority for preservation that will pro-
vide venues for conscientious and responsible manipulation
of experimental regimes. We hope that we have demon-
strated its value in testing hypotheses about the diversity of
species that live on our planet and, by extension, on other
planets and moons.

The CCB provides a proxy, albeit an imperfect one, to an
earlier time in Earth’s history when microbes dominated and
many of the key metabolic strategies upon which Earth’s
biosphere still depends first evolved. The presence of diverse
microbialites is the most prominent feature that links the
CCB to strategies that were common in Precambrian ecology.
The microbialites and their natural predators and other
macrofauna provide a proxy for the vibrant dynamics that
were a hallmark of the late Precambrian: a time in Earth’s
history when evolving complex macrofauna would displace
microbial constructions such as stromatolites as the visually
dominating biology on Earth’s surface.

Moreover, with the Mars Science Laboratory mission
coming soon, the CCB pure gypsum and its extensive
evaporates also represent a model for Gale Crater on Mars,
and an opportunity exists to characterize early wetter con-
ditions in the Noachian epoch, when intensive volcanism in
an ancient ocean on Mars originated similar deposits rich in
sulfur and poor in phosphorites.

However, the CCB is not without its 21st-century woes.
The basin’s environmental integrity is under threat due to
local irrigation practices that divert water from the CCB to
alfalfa farms in the region, which has led us to argue for the
creation of a Precambrian Park that encompasses the entire
valley and its watershed and aquifer (Souza et al., 2007).
What is certain is that, by securing the future of the CCB, we
could preserve opportunities for inspiration and discovery
and models of how life evolves on Earth and, potentially,
elsewhere.
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México. Southwest Nat 13:421–431.

Moreno-Letelier, A., Olmedo, G., Eguiarte, L.E., Martı́nez-
Castilla, L., and Souza, V. (2011) Parallel evolution and horizontal
gene transfer of the pst operon in Firmicutes from oligotrophic
environments. Int J Evol Biol 2011, doi:10.4061/2011/781642.

Peimbert, M., Alcaraz, L.D., Bonilla-Rosso, G., Olmedo-Alvarez, G.,
Garcı́a-Oliva, F., Segovia, L., Eguiarte, L.E., and Souza, V. (2012)
Comparative metagenomics of two microbial mats at Cuatro
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646 SOUZA ET AL.



Rusch, D.B., Halpern, A.L., Sutton, G., Heidelberg, K.B., Wil-
liamson, S., Yooseph, S., Wu, D., Eisen, J.A., Hoffman, J.M.,
Remington, K., Beeson, K., Tran, B., Smith, H., Baden-Tillson,
H., Stewart, C., Thorpe, J., Freeman, J., Andrews-Pfannkoch,
C., Venter, J.E., Li, K., Kravitz, S., Heidelberg, J.F., Utterback,
T., Rogers, Y.H., Falcon, L.I., Souza, V., Bonilla-Rosso, G.,
Eguiarte, L.E., Karl, D.M., Sathyendranath, S., Platt, T., Ber-
mingham, E., Gallardo, V., Tamayo-Castillo, G., Ferrari, M.R.,
Strausberg, R.L., Nealson, K., Friedman, R., Frazier, M., and
Venter, J.C. (2007) The Sorcerer II Global Ocean Sampling ex-
pedition: northwest Atlantic through eastern tropical Pacific.
PLoS Biol 5:e77.

Saxer, G., Doebeli, M., and Travisano, M. (2009) Spatial structure
leads to ecological breakdown and loss of diversity. Proc Biol
Sci 276:2065–2070.

Souza, V., Espinosa-Asuar, L., Escalante, A.E., Eguiarte, L.E.,
Farmer, J., Forney, L., Lloret, L., Rodriguez-Martinez, J.M.,
Soberon, X., Dirzo, R., and Elser, J.J. (2006) An endangered
oasis of aquatic microbial biodiversity in the Chihuahuan
desert. Proc Natl Acad Sci USA 103:6565–6570.

Souza, V., Falcón, L.I., Elser, J.J., and Eguiarte, L.E. (2007) Pro-
tecting a window into the ancient Earth: towards a Precam-
brian park at Cuatro Cienegas, Mexico. The Citizen’s Page,
Evolutionary Ecology Research. Available online at http://
www.evolutionary-ecology.com/citizen/citizen.html

Souza, V., Eguiarte, L.E., Siefert, J., and Elser, J.J. (2008) Micro-
bial endemism: does phosphorus limitation enhance specia-
tion? Nat Rev Microbiol 6:559–564.

Stein, B.A., Kutner, L.S., and Adams, J.S. (2000) Precious Heritage:
The Status of Biodiversity in the United States, Oxford University
Press, Oxford.

Sterner, R.W. and Elser, J.J. (2002) Ecological Stoichiometry: The
Biology of Elements from Molecules to Biosphere, Princeton Uni-
versity Press, Princeton, NJ.

Szynkiewicz, A., Ewing, R.C., Moore, C.H., Glamoclija, M.,
Bustos, D., and Pratt, L.M. (2010) Origin of terrestrial gypsum
dunes—implications for martian gypsum-rich dunes of
Olympia Undae. Geomorphology 121:69–83.

Tobler, M. and Carson, E.W. (2010) Environmental variation,
hybridization, and phenotypic diversification in Cuatro Cié-
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